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ABSTRACT
The brightest 500µm source in the XMM field, HXMM01, is a rare merger of luminous starburst
galaxies at z = 2.3 with a dust-obscured star-formation rate of 2,000M yr−1. Here we present high-
resolution spectroscopic observations of HXMM01 with the Atacama Large Millimeter/submillimeter
Array (ALMA). We detect line emission from CO J = 7→ 6, [C I] 3P2 → 3P1, and p-H2O 211 → 202 and
continuum emission at 230 GHz. At a spatial resolution of 0.′′2 and a spectral resolution of 40 km s−1, the
source is resolved into three distinct components, which are spatially and dynamically associated within
a projected radius of 20 kpc and a radial velocity range of 2,000 km s−1. For two major components,
our Bayesian-based tilted-ring modeling of the ALMA spectral cubes shows almost flat rotation curves
peaking at ∼ 500 km s−1 at galactocentric distances between 2 and 5 kpc. Each of them has a dynamical
mass of ∼ 1011M. The combination of the dynamical masses and the archival CO J = 1→ 0 data
places strong upper limits on the CO→H2 conversion factor of αCO . 1.4− 2.0M (K km s−1 pc2)−1.
These limits are significantly below the Galactic inner disk αCO value of 4.3M (K km s−1 pc2)−1 but
are consistent with those of local starbursts. Therefore, the previously estimated short gas depletion
timescale of ∼ 200 Myr remains unchanged.
Keywords: galaxies: formation — galaxies: high-redshift — galaxies: individual (HerMES J022016.5−060143)
— galaxies: interactions
1. INTRODUCTION
The launch of the Herschel1 Space Observatory (Pil-
bratt et al. 2010) allowed us to identify a rare popu-
lation of extremely infrared-bright (S500µm > 100 mJy)
sources at redshifts of z ≈ 1 − 3. Although the pop-
ulation is dominated by gravitationally lensed galaxies
(e.g., Negrello et al. 2010; Fu et al. 2012; Wardlow et al.
2013; Calanog et al. 2014; Bussmann et al. 2015; Nayyeri
et al. 2016; Negrello et al. 2017), a small fraction of these
sources (< 10%) are expected to be intrinsically hyper-
luminous (LIR ≥ 1013 L, e.g., Fu et al. 2013; Ivison
et al. 2013). Similar to the submillimeter-bright galax-
ies (SMGs; Smail et al. 1997; Barger et al. 1998; Hughes
et al. 1998), these hyperlumious IR galaxies (HyLIRGs)
are likely caught in a short-lived starburst phase. The
molecular gas reservoir of the disks cannot sustain the
extreme star formation rate for more than ∼200 Myr
(e.g., Bothwell et al. 2013).
1 Herschel is an ESA space observatory with science instru-
ments provided by European-led Principal Investigator consortia
and with important participation from NASA.
HerMES J022016.5−060143 (a.k.a., HXMM01) is a
spectacular example of this hyperluminous population
(Fu et al. 2013, hereafter Paper I). In our previous obser-
vations, the bright Herschel source (S500µm = 132 mJy)
at z = 2.308 is resolved into a merging pair of gas-
rich starburst galaxies separated by 3′′ (or a projected
distance of 25 kpc). Both components are only mildly
magnified (µ ≈ 1.6) by a pair of foreground galax-
ies. The intrinsic IR luminosity of 2 × 1013 L makes
it one of the most luminous unlensed SMGs. Despite
the broad Hα lines, the panchromatic SEDs show no
evidence of active galactic nuclei (AGN), in contrast
to other AGN-dominiated HyLIRGs (e.g., Ivison et al.
1998, 2010). Our 77 ks Chandra ACIS-S observations
(Obs-ID: 14972) did not detect any significant X-ray
emission at the location of HXMM01. The upper lim-
its of 0.5 − 8 keV X-ray luminosity (2.80 × 1043 and
3.86×1043 erg s−1 for the northern and southern compo-
nent, respectively) are consistent with the expectations
from X-ray binaries, based on the LX−SFR relation of
Mineo et al. (2012).
Despite the extensive data set presented in Paper I,
the resolved kinematic structures of HXMM01 remain
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to be determined to understand the physical mecha-
nism(s) driving the prolific star formation. In partic-
ular, spatially revolved kinematics is a powerful tool to
determine the mass distribution of baryonic and dark
matter (e.g., Noordermeer et al. 2007; de Blok et al.
2008; Swaters et al. 2009; Lang et al. 2017), and can
also constrain the much debated CO→H2 conversion
factor2 (αCO ≡ Mmol/LCO) in high-redshift galaxies
(e.g., Ivison et al. 2011; Genzel et al. 2012; Hodge et al.
2012; Magnelli et al. 2012; Narayanan et al. 2012). In
this Letter, we present 0.′′2-resolution gas kinematics of
HXMM01 traced by two molecular lines and one atomic
line from observations with the Atacama Large Millime-
ter/submillimeter Array (ALMA). In § 2, we describe
the observations and our data processing procedures.
In § 3, we present the observational results, the kine-
matic models, and the derived rotation curves, dynam-
ical masses, and constraints on αCO. In § 4, we discuss
the implications of our findings. Throughout we adopt
the concordance ΛCDM cosmology with Ωm = 0.27,
ΩΛ = 0.73, and H0 = 70 km s
−1 Mpc−1 (Komatsu et al.
2011).
2. OBSERVATIONS AND DATA
2.1. ALMA Band-6 Observations
ALMA band-6 observations of HXMM01 were car-
ried out on 2016 August 2, 14, 15, and 17 under the
cycle-3 project 2015.1.00723.S. We tuned three 2 GHz
spectral windows to the redshifted frequencies of the
CO J = 7→ 6, [C I] 3P2 → 3P1, and H2O 211 → 202
lines between 226 and 245 GHz (see Table 1), and used
an additional 2 GHz window to cover a line-free contin-
uum region centered at νobs = 230 GHz. Each window
had an effective bandwidth of 1875 MHz and a chan-
nel spacing of 15.625 MHz. The total on-source inte-
gration time was 2.6 hr, with thirty-eight to forty-five
antennas online in the C40-5 configuration. The obser-
vations consisted of a single pointing towards the ap-
proximate center of HXMM01 (αJ2000=02
h20m16.′′613,
δJ2000=−06◦01′43.′′15). The variations in amplitude and
phase were calibrated using J0241−0815. The band-
pass and flux density calibrators are J0238+1636 and
J0006−0623, respectively.
The raw data were calibrated using the ALMA
pipeline in the Common Astronomy Software Appli-
cation (CASA; McMullin et al. 2007). We performed
the uv-plane continuum subtraction and data imaging
in CASA ver. 5.1.2, using the mstransform and tclean
tasks, respectively. We used the Briggs image weight-
ing scheme with robust = 0 to suppress sidelobes.
The synthesized beam at the CO J = 7→ 6 frequency
(νobs = 243.8 GHz) is 0.
′′24×0.′′18 with P.A.=84◦; so
we set a pixel size of 0.′′03 to oversample the beam.
2 The mass from Helium is included in the definition here, with
Mmol = 1.36MH2 .
For image deconvolution, we adopted the multi-scale
clean algorithm implemented in tclean, and applied
a circular clean mask with a radius of 10′′ centered at
HXMM01, where its emission is expected. Due to the
default Hanning weighting function applied online, the
spectral resolution is twice the channel spacing and the
noise is correlated between adjacent visibility channels
3. We thus set a channel width of 40 km s−1 for spec-
tral line imaging, which is equivalent to the resolution
FWHM. Our imaging products consist of two maps per
line/continuum: a “data” map which is corrected for
the primary beam response of ALMA 12 m antenna,
and an “uncertainty” map providing the estimated 1σ
noise. The 1σ noise at the center of the 230 GHz contin-
uum map reaches ∼ 0.02 mJy beam−1, consistent with
expectation.
2.2. Archival CO J = 1→ 0 Data
The CO J = 1→ 0 data of HXMM01 were obtained
with the Karl G. Jansky Very Large Array (VLA) in
the DnC, C, and B configurations in 2012 (Program
IDs: 11B-044 and 12A-201). The phase and ampli-
tude variations were calibrated by observing J0241-0815,
and 3C48 was used as the bandpass and flux den-
sity calibrator. The total on-source integration time
is 3.8 hr. Paper I presented the earlier data product
of the same observations, in which the reduction was
performed in AIPS with a slightly different flux scaling
for 3C 48: S34.8 GHz = 0.83 Jy; i.e., 5% higher than the
value adopted in CASA (S34.8 GHz = 0.79 Jy; Perley &
Butler 2013). We reprocessed the VLA CO J = 1→ 0
data in CASA ver. 5.1.2 to allow a better comparison
with the ALMA band-6 wdata. We performed imag-
ing with tclean as in § 2.1. The synthesized beam is
0.′′54×0.′′51 with P.A.= −67.91◦ (robust = 0.5). The
CO J = 1→ 0 datacube is sampled with a pixel size of
0.′′06 and a channel width of 75 km s−1.
3. RESULTS
3.1. Detection of CO, [C I], and H2O
We present the ALMA moment-0/1 maps and the
position-velocity (PV) plot in Figure 1. The moment
maps were generated after applying 3D detection masks
to the spectral cubes. The masking algorithm first
searches for > 4σ continuous regions in 3D smoothed
datacubes, then expands each of them to the surround-
ing 2σ contour, and finally pad the regions with an ad-
ditional 2 pixels in all dimensions. Implementing the
masks improves the S/N of moment maps by removing
noisy pixels that would overwhelm weak line emission
when collapsing the cube along any dimension.
3 The effective noise bandwidth of each channel is
2.667× channel spacing (https://safe.nrao.edu/wiki/bin/view/
Main/ALMAWindowFunctions)
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Table 1. Properties of Observed Lines
Species Transition Rest-Freq. Eup/k ncrit
GHz K cm−3
p-H2O 211 → 202 752.03314 136.9 2.1× 107
CO J = 7→ 6 806.65181 154.9 1.2× 105
C I 3P2 → 3P1 809.34197 62.5 1.3× 103
CO J = 1→ 0 115.27120 5.5 3.2× 102
Note—The critical densities are calculated as ncrit =
Σi>jAij
Σi6=jγij
, using the coefficients from the Leiden Atomic and Molecular
Database (LAMDA, Scho¨ier et al. 2005). We set the kinetic temperature to Tkin = 50 K and consider only H2 molecules (an
ortho-to-para abundance ratio of 3) as the collisional partner.
We made clear detection of all of the three targeted
lines and spatially resolved HXMM01 into three distinct
components (labeled as a, b, and c in Figure 1). In
the previous arcsec-resolution CO J = 1→ 0 and dust
maps, HXMM01 was resolved into a northern and a
southern complex (see Paper I, dubbed as X01N and
X01S). In the new ALMA data, X01N (≡ a) is clearly
elongated along the direction of P.A.≈10◦, and X01S is
further resolved into two separate components (≡ b+c).
Furthermore, all spatially distinct components show sys-
tematic velocity gradients in all three lines, with kine-
matic major axes almost aligned with one another.
While different lines show similar velocity gradients,
the PV plot shows dramatically different brightness dis-
tributions along the velocity dimension. Specifically,
the CO J = 7→ 6 and H2O 211 → 202 emission are more
asymmetric than [C I] 3P2 → 3P1, and are dominated by
a few prominent clumps. This difference is somewhat
expected, because the high critical densities and excita-
tion temperatures of CO J = 7→ 6 and H2O 211 → 202
lines (see Table 1) make them great tracers of hot dense
clouds (e.g., Liu et al. 2017; Omont et al. 2013), while
the lower critical density and excitation temperature of
[C I] 3P2 → 3P1 makes it an ideal tracer of neutral gas
in moderate physical conditions. The three tracers thus
complement one another.
We compare the integrated spectra of different tran-
sitions in Figure 2 and present the velocity-integrated
line fluxes in Table 2. The spectra are extracted from
the rectangular apertures illustrated in Figure 1. We
combine the spectra from components b and c because
they are unresolved in CO J = 1→ 0. Although the
inclusion of c contributes partly to the emission excess
at velocities greater than zero km s−1, the asymmetric
CO J = 7→ 6 line profiles in both component a and b
clearly results from non-axisymmetric surface brightness
distributions (as can be seen in Figure 1). As expected
from their similar critical densities, the line profiles
of CO J = 1→ 0 and [C I] 3P2 → 3P1 are in excellent
agreement, and a similar level of agreement is observed
between CO J = 7→ 6 and H2O 211 → 202. Interest-
ingly, although the CO J = 1→ 0, [C I] 3P2 → 3P1,
and continuum brightness are comparable between
component a and b + c (see Table 2), component a
clearly exhibits a stronger level of CO J = 7→ 6 and
H2O 211 → 202 emission, which may suggest a higher
fraction of hot molecular gas.
With intrinsic luminosities of LH2O 211→202 ' 2 ×
108 L and LIR ' 2 × 1013 L, HXMM01 falls right
on the H2O-IR luminosity relation found in local/high-
z ultra-luminous IR galaxies (ULIRGs, 1012L < LIR <
1013L) and HyLIRGs (Omont et al. 2013; Yang et al.
2013, 2016). By incorporating the lower-J CO flux
measurements from Paper I with the new CO J = 7→ 6
measurements, we obtain the global CO spectral line en-
ergy distribution (SLED) for HXMM01. The CO SLED
shape resembles those found in local ULIRGs (Weiss
et al. 2005; Rangwala et al. 2011), in a sharp contrast
with the result of the Milky Way (Fixsen et al. 1999)
or the high-redshift BzK galaxy samples (Daddi et al.
2015), with significantly higher fraction of CO lumi-
nosity distributed at higher-J transitions. Despite the
SCO 7→6/SCO 1→0 brightness ratio decreases by about
half from component a to b (from ' 9 to ' 4 − 5), it
is still significantly higher the Galactic center value of
∼ 0.9. A non-LTE radiative transfer modeling analysis
using RADEX (van der Tak et al. 2007) suggests that the
SLED can be fitted with a two-component model: a low-
excitation gas component with nH2 = 10
3.8−104.7 cm−3
and Tkin = 15 − 33 K; a high-excitation one (nH2 =
102.9−103.6 cm−3 and Tkin = 55−132 K), which is likely
associated with intense on-going star formation.
3.2. Kinematic Modeling with Tilted-Ring Models
Our observational results reveal that all of the three
resolved components are elongated and their light dis-
tribution major axes align with monotonic velocity gra-
dients, both of which are indicators of disk-like struc-
tures (e.g., Wisnioski et al. 2015; Fo¨rster Schreiber et al.
2018). Although we do not have detections of a typical
4 Xue et al.
Figure 1. Left: Integrated intensity map (color scale) from the combined flux of [C I] 3P2 → 3P1, CO J = 7→ 6, and
H2O 211 → 202 lines, overlaid with the 230 GHz continuum (gray contours). The green boxes delineate the apertures adopted
for components a, b, and c (see Table 2). The positional offsets are calculated with respect to αJ2000 = 02
h20m16.′′613 and
δJ2000 = −06◦01′43.′′15. Middle: The position-velocity plot generated by collapsing the spectral cubes along the declination
dimension. The line velocity scales (computed against the systemic redshift of zsys=2.308) are shown near the top. Right: The
moment-1 image from the [C I] 3P2 → 3P1 and CO J = 7→ 6 combined spectral cube. The dashed lines show the major axis
direction derived from our kinematic disk modeling, and the velocity shift is presented with respect to the systemic redshift of
each component. The synthesized beam is indicated by the green ellipses in the lower-left corners of the moment maps.
“spider” diagram (van der Kruit & Allen 1978), it is
not likely expected in high-inclination and moderately-
resolved disks. Based on these observational results, we
expect that each component is likely well described by a
disk-like structure (hereafter simply “disk”). Therefore,
we decide to extract gas kinematics from the ALMA
data cubes with tilted-ring models and a Monte-Carlo
Markov Chain (MCMC) sampler.
We use the tilted-ring modeling code TiRiFiC4 (Jo´zsa
et al. 2007) to simulate spectroscopic cubes. By com-
paring our data with the simulated spectral cubes
from TiRiFiC, we simultaneously constrain the rotation
curves and line surface brightness (SB) distributions.
The adopted 3D modeling approach has three major
advantages. First, compared with the 2D velocity-
field methods, we do not fit the extracted velocity
fields, which are severely affected by beam smearing5 in
marginally resolved observations of high-redshift galax-
4 http://gigjozsa.github.io/tirific/
5 The beam smearing effect may artificially inflate the observed
gas dispersion and reduce the measurable velocity gradient, be-
cause it can combine line emission from regions with different ra-
dial velocities into a single spectrum.
ies (e.g., see Davies et al. 2011). Instead, the model
output is a synthetic spectral cube that includes obser-
vational effects such as beam searing and instrumental
spectral smoothing. This forward-modeling approach
maximally preserves the integrity of the data. Secondly,
we can generate synthetic cubes that include multi-
ple spatial and kinematic components. Thus, we can
avoid object or line deblending before modeling. Fi-
nally, TiRiFiC allows distortions to the SB distribution
within rings and can model non-axisymmetric features
that are evident in our data.
Specifically, we fit each component to a parametrized
rotating disk model, which consists of multiple concen-
tric rings. The disk geometry is described by its center
position, its inclination angle from the line-of-sight (i),
and the P.A. of the projected major axis, all of which are
fixed to be the same for different rings. The kinemat-
ics are described by the systemic velocity, the radius-
dependent rotational velocity (i.e. rotation curve), and
the isotropic velocity dispersion. In practice, the ro-
tation curve is parameterized by a set of circular ve-
locities on a grid of ring radii. We adopt a step size
of 0.′′1, which is roughly half of the beam FWHM. The
tilted-ring model is evaluated using a spline-interpolated
smooth rotation curve based on the discrete circular ve-
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Figure 2. Spatially-integrated spectra of [C I] 3P2 → 3P1,
CO J = 7→ 6, H2O 211 → 202, and CO J = 1→ 0 towards
X01N (≡ a) and X01S (≡ b + c). The CO J = 1→ 0 and
H2O 211 → 202 spectra have been scaled up by a factor of 3 in
brightness. The CO J = 7→ 6 and [C I] 3P2 → 3P1 emission
are separated in the frequency space by applying a blanking
mask before integration.
locities. In our case, we assume that all observed lines
follow the same rotation curve and their differences in
the datacubes are due to different SB distributions and
line-of-sight velocity dispersion.
In previous high-z studies, there is also no clear evi-
dence for a systematically varying velocity dispersion as
a function of galactocentric distance (Di Teodoro et al.
2016; Genzel et al. 2017). Therefore, for simplicity we
assume constant velocity dispersion across each disk but
allow it to vary among different lines. Due to the rela-
tively large step size (0.′′1 = 0.84 kpc), the velocity dis-
persion in the model inevitably contains both the cloud-
scale gas turbulence and the kpc-scale velocity shear (see
further discussion in § 4), making it difficult to study its
radial-dependence robustly.
To properly model the emission radial profile and
asymmetry that is shown in our data (Figure 1), we
adopt a radial- and azimuth-dependent SB prescription
for each line. We assume the averaged ring SB follows an
exponential intensity profile: I = I0 exp(−R/rs). The
SB variation within each ring is modeled by a first-order
sinusoidal distortion, characterized by its amplitude and
the node angle relative to the approaching-side major
axis. We fix the node angle for all rings to reduce the
number of free parameters.
To find the best-fit model and to estimate its uncer-
tainty, we use the Python Affine Invariant MCMC En-
semble sampler emcee6 (Goodman & Weare 2010). We
define the likelihood function of a model given the data
as,
ln p=−1
2
∑
i
[
(Ii −Mi)2
s2i
+ ln(2pis2i )
]
. (1)
Here, ln p is the log-likelihood function, Ii and Mi are
the specific intensity of i-th pixel in the resampled data
and model (see below), respectively, and si = ησi is
the estimator of the “true” data uncertainty, with σi
from the uncertainty cube of our imaging products. The
scaling factor η (close to unity) is introduced to correct
uncertainty under/overestimation, and will be precisely
determined by the MCMC analysis.
In Equation 1, individual data errors are assumed
Gaussian and independent. To exclude the significant
covariance between adjacent pixels in the datacube, we
only consider independent beam elements when evalu-
ating the likelihood function. To choose independent
beam elements, we create a tilted hexagon pattern, in
which a beam FWHM ellipse inscribes each hexagon el-
ement. Then, we extract the 1D spectrum at the center
of each element by performing a linear interpolation on
the datacube in two spatial dimensions. Only these “re-
sampled” spectra are used in the likelihood evaluation.
Starting from bounded “flat” priors for all free parame-
ters, we iterate with emcee until the posterior distribu-
tion of model parameters are sampled adequately. The
posterior distribution functions provide the confidence
intervals of the model parameters.
Because of the frequency proximity of [C I] 3P2 → 3P1
and CO J = 7→ 6 (∆v ≈ 1, 000 km s−1 in the velocity
frame), we combine their models into a single simulated
spectral cube and compare it with the data cube im-
aged from two partially overlapping 2 GHz spectral win-
dows. We simultaneously model the two lines to better
constrain the model. The H2O 211 → 202 line is not in-
cluded in the kinematic modeling due to low S/N.
To show the quality of the best-fit models, we
compare the PV maps from the [C I] 3P2 → 3P1 and
CO J = 7→ 6 data cube and the best-fit TiRiFiC mod-
els in Figure 3. We also illustrate the contributions from
individual rings to the PV maps. We report the best-
fit parameters and their uncertainties in Table 2. The
rotation curves of the two major components (a and b)
are plotted in Figure 4. We discuss the modeling results
in the next subsection.
3.3. Rotation Curve, Dynamical Mass, and αCO
The kinematic models show that components a and b
exhibit similar rotation curves: the circular velocity rises
rapidly within 1 kpc and eventually reaches a plateau of
∼ 500 km s−1. Beyond ∼ 5 kpc, the S/N of the line emis-
sion becomes too low to trace the kinematics. All disk
6 http://dfm.io/emcee
6 Xue et al.
Figure 3. Modeling results of X01N (component a) and X01S (component b + c), showing as the PV moment-0 maps, by
collapsing and summing CO J = 7→ 6 and [C I] 3P2 → 3P1 emissions along the best-fit minor axes of components a and b,
respectively. The x-axis represents the spatial offset along the major axis of the disk model center for component a or b, and the
y-axis is in the line-of-sight radial velocity calculated at zsys = 2.308. Larger panels show the data, models, and residuals, with
contours representing 10, 40, and 90% of the peak values from the data map. The disk rotation curves are overlaid in white
lines after the amplitudes are multiplied by inclination correction factors of sin(i). The smaller panels below show the model
emission contributed by individual disk rings, labelled with their radii.
models suggest Vmax/σ0 & 3, where σ0 is the intrinsic
gas dispersion7
Assuming that each component is entirely supported
by ordered rotation, we can estimate the dynamical mass
as a function of radius using the best-fit rotation curves.
For a spherically symmetric distribution, the dynamical
mass is simply,
Mdyn,s =
V 2rotR
G
. (2)
7 The values of σCO 7→6 and σCI are estimated from dynamical
modeling, under the assumptions detailed in § 3.2. They likely
only provide upper limits for the intrinsic gas dispersion σ0 due to
kinematic structures below the resolution limit. This indicates the
systems are mainly rotationally supported rather than pressure
supported, providing further evidence to support the assumption
of “disk-like” structures.
For a geometrically thin disk with an exponential mass
distribution, i.e, Σ(R) ∝ exp(−R/rs,mass), the enclosed
dynamical mass within R is,
Mdyn,e =
V 2rotR
G
1− e2y (1 + 2y)
4y3[I0(y)K0(y)− I1(y)K1(y)] , (3)
where y ≡ R/(2rs,mass), and Ii and Ki are the modified
Bessel functions (see Binney & Tremaine 2008, § 2.6).
While Equation 2 is suitable for the scenario where the
mass is dominated by a dark matter (DM) halo or a
stellar bulge, we adopt Equation 3 because the gravita-
tional potential is likely dominated by a gas-rich disk in
our case.
An enclosed dynamical mass gives an upper limit on
the molecular gas mass. The ratio between the dynamic
mass and the corresponding integrated CO J = 1→ 0
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Figure 4. Left: Inclination-corrected rotation curves of components a and b, with the uncertainties (defined by the 2.5th and
97.5th percentiles) depicted with the shaded areas. The vertical bars show the half-light radii expected from the exponential gas
disk models (r1/2 = 1.678rs,CI). Right: Upper limits of αCO vs. galactocentric distance. The upper limits are derived from the
ratio of enclosed dynamical mass (assuming thin disk mass distribution) and CO J = 1→ 0 luminosity (based on exponential
models derived from the [C I] 3P2 → 3P1 map). The dashed red and blue lines show the median values of αCO limits between
3 and 5 kpc. The canonical Galactic αCO value is shown in the dashed gray line. In both panels, the gray boxes present the
beam FWHM, therefore, the results are likely dependent on depending on some model presumptions (e.g. radial-independent
gas dispersion) and numerical interpolations.
line flux provides strict upper limit of the CO→H2 con-
version factor αCO. Assuming that the scale-lengths of
the disk mass and CO J = 1→ 0 brightness distribu-
tion (rs,mass and rs,CO 1→0, respectively) are the same
as that of the [C I] 3P2 → 3P1, we calculate the en-
closed dynamical mass and luminosity-weighted αCO
upper limit as a function of radius for each compo-
nent. The similar line profiles of [C I] 3P2 → 3P1 and
CO J = 1→ 0 indicate the high-resolution morphology
of [C I] 3P2 → 3P1 should be a good approximation for
the CO J = 1→ 0 distribution, which was marginally
resolved in the CO J = 1→ 0 map.
Keeping the model assumptions in mind, the re-
sults reveal that the dynamical mass within 5 kpc reach
∼ 2 × 1011 M for both of two major components (a
and b) (see Table 2). We present the derived αCO up-
per limit as a function of radius in the right panel
of Figure 4. As the radius increases, the accumula-
tion of the line flux roughly cancels out the increase
in dynamical mass, producing an approximately con-
stant CO→H2 conversion factor at 3 . R . 5 kpc.
The median αCO limits estimated from this radius range
equal 1.4 and 2.0M/K km s−1pc−2 for a and b, respec-
tively. Both values are consistent with the low αCO of
≈ 0.6−0.8M (K km s−1 pc2)−1 found in local ULIRGs
(e.g., Downes & Solomon 1998; Papadopoulos et al.
2012).
For an unlikely spherically symmetric mass distribu-
tion, the dynamical mass will increase by 10 − 30%
within R = 3 − 5 kpc. Additional dynamical mass
and αCO,limit uncertainties can arise from the adop-
tion of [C I] 3P2 → 3P1 scale-length for the disk den-
sity and CO J = 1→ 0 brightness profiles. We exper-
iment with our 3D modeling approach to evaluate the
CO J = 1→ 0 SB profile, using our reprocessed VLA
CO J = 1→ 0 datacube and the best-fit kinematic mod-
els from the high-resolution ALMA data (§ 3.2). The
resulting scale-lengths rs,CO 1→0 show significant uncer-
tainties due to the moderate resolution and SNR of the
VLA map (2.1+0.5−0.9 kpc and 2.5
+0.9
−1.0 kpc, respectively, see
Table 2). However, the values do agree with those of
[C I] 3P2 → 3P1 within the error margins. If we explic-
itly adopt rs,CO 1→0 for deriving αCO,limit (despite the
large error bars), the αCO,limit values will increase to
2.2M/K km s−1pc−2 for both components. Neverthe-
less, the above estimation still suggest that the αCO
value in HXMM01 is lower than the canonical Galactic
value of 4.3M (K km s−1 pc2)−1 (Bolatto et al. 2013).
We caution that we do not include any lensing correc-
tion in the analysis of dynamical mass and αCO and the
presentations of physical scales, due to the uncertainties
in the lensing model. Assuming that the lensing magni-
fication is the same along the major and the minor axes
of each disk, the disk inclination (therefore Vmax) would
remain unchanged, but its physical scales and luminos-
ity would be overestimated by a factor of
√
µ and µ, re-
spectively, where µ is the magnification factor. Taking
an average magnification factor of µ ≈ 1.6 from Paper I,
a lensing correction may increase our αCO upper limits
by up to 30%.
4. DISCUSSION
The derived rotation curves of components a and b
do not deviate from the typical one found in local spi-
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Table 2. Properties and Modeling Results by Regions
Quantity Unit Comp. a Comp. b Comp. c
Observed Properties
SCO 7→6 Jy km s−1 6.2± 0.2 3.5± 0.1 0.9± 0.1
S [CI] 2→1 Jy km s
−1 2.7± 0.2 2.6± 0.1 0.5± 0.1
SH2O Jy km s
−1 2.4± 0.2 1.1± 0.1 0.3± 0.1
SCO 1→0 Jy km s−1 0.7± 0.1 0.9± 0.2
S 230 GHz mJy 4.3± 0.1 3.6± 0.1 0.5± 0.1
Dynamical Models - Kinematics
αJ2000 hh:mm:ss.sss 02:20:16.653 02:20:16.576 02:20:16.569
δJ2000 dd:mm:ss.ss -06:01:41.92 -06:01:44.60 -06:01:43.62
Vsys km s
−1 +292+26−21 −179+24−22 +189+30−27
P.A. degree +14± 3 +1± 3 −2± 4
i degree 79± 2 60± 5 69± 4
σCO 7→6 km s−1 156+16−14 168
+17
−24 66
+14
−11
σCI km s
−1 150+24−26 166
+22
−28 65
+24
−26
Vmax km s
−1 542+105−108 486
+54
−81 168
+82
−72
Dynamical Models - Surface Brightness Distribution
SCO 7→6 Jy km s−1 5.8+0.4−0.2 3.0+0.2−0.2 1.3+0.1−0.2
S [CI] 2→1 Jy km s−1 3.0+0.3−0.2 2.9+0.3−0.2 0.8+0.3−0.2
SCO 1→0 Jy km s−1 0.6+0.2−0.1 0.6+0.2−0.1 < 0.2
rs,CO 7→6 kpc 1.6+0.1−0.1 1.2
+0.1
−0.1 1.1
+0.1
−0.2
rs,CI kpc 1.8
+0.1
−0.1 1.6
+0.1
−0.1 1.5
+0.1
−0.3
rs,CO 1→0 kpc 2.1+0.5−0.9 2.5
+0.9
−1.0 · · ·
M5 kpcdyn,e 10
11 M 2.3+0.3−0.5 1.8
+0.6
−0.5 · · ·
αCO,limit M(K km s−1pc2)−1 2.0+0.7−0.6 1.4
+0.4
−0.5 · · ·
Note—The velocity was computed against a systemic redshift of zsys = 2.308. The line/continuum flux is measured within
individual rectangular apertures defined in Figure 1. The αCO limits are the median values estimated within a radius range
between 3 and 5 kpc (see Figure 4). In the CO J = 1→ 0 modeling, the scale-length for component c is set to be the same as
S [CI] 2→1.
ral galaxies (e.g., Rubin & Ford 1970; Begeman 1989),
including the Milky Way, which is characterized by a
rapidly rising velocity followed by an extended flat por-
tion (Clemens 1985). However, their rotation curves
rarely reach the amplitude in HXMM01 (∼ 500 km s−1).
The shape suggests a concentration of baryonic mass in
the central ∼ 2 kpc. This is consistent with the compact
morphology of high-z galaxies measured from starlight
(e.g., Bruce et al. 2012; van der Wel et al. 2014) and
gas tracers (e.g., Tacconi et al. 2008; Hodge et al. 2012).
We do not find clear evidence of decreasing rotation ve-
locity in the outer part of each component. Such “de-
clining” rotation curves were identified in some previous
Hα-based studies (Genzel et al. 2017; Lang et al. 2017),
which have been suggested as evidence for either a lack
of dark matter or significant gas pressure in these high-
z systems. The discrepancy could be observational or
intrinsic: our data only provide circular velocity out to
∼ 4−5 kpc, not as far as the radii reached by those stud-
ies (up to 10 kpc); on the other hand, their sample con-
sists of isolated main-sequence “normal” star-forming
galaxies, which may exhibit different baryon distribu-
tions relative to dark matter halo or show more pro-
nounced pressure-supporting effect in outer disks (Burk-
ert et al. 2010). We note that Levy et al. (2018) reports
lower circular velocity of ionized gas than that of neutral
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gas in the outer disks of their local disk galaxy sample,
likely due to thick and turbulent disk of ionized gas.
Therefore, we may need to take the systematic differ-
ence among gas tracers into interpretation.
One important caveat of interpreting kinematics in
HXMM01 is that it is a rare starburst merging sys-
tem and the interaction among different components
might cause non-equilibrium gas motions. Such tidally
induced kinematic disorders are more likely to present
in the outskirts of galaxy disks. Although we cannot
to rule out the influence of such interaction based on
existing data, we expect it plays a minor role on the
gas kinematics at the galactocentric radii we are able
to probe, considering the large separation of two ma-
jor components (≥25 kpc). On the other hand, the
CO J = 7→ 6 distribution in two major components
is clearly skewed towards their interacting partners,
while the morphological asymmetry is almost absent in
[C I] 3P2 → 3P1(see Figure 1). Because CO J = 7→ 6
traces the high-density warm molecular gas, this could
be evidence for elevated star formation efficiency due to
galaxy interaction, rather than substantial perturbation
to the gas kinematics or mass distribution.
While the outer rotation curves provide critical con-
straints for the baryon/DM distribution in high-redshift
objects, the brightness of tracers generally fall rapidly.
The inaccessibility of the H I 21cm line prompts the
search for alternative kinematic tracers of neutral
gas. Based on the ALMA data, we find that both
[C I] 3P2 → 3P1 and CO J = 1→ 0 emission are more
extended than CO J = 7→ 6 and H2O 211 → 202, as
indicated by the larger scale-lengths. This result is
consistent with previous multi-transition studies (e.g.,
Ivison et al. 2011; Riechers et al. 2010). The integrated
line profiles and distributions of [C I] 3P2 → 3P1 and
CO J = 1→ 0 are strikingly similar, and their line ra-
tios are also consistent among the disks. A similar char-
acterization was also found in previous Galactic surveys
(e.g., Ojha et al. 2001) and examined via time-dependent
chemical modeling (Papadopoulos et al. 2004). The ex-
tended morphology of [C I], the brightness strength of
CO J = 7→ 6, and their close frequency make the pair
a complementary tracer combination. Similar to the dis-
cussion in Papadopoulos et al. (2004), we believe that
this combination is the best surrogate to H I 21cm, low-
J CO, or [C II] for studying gas dynamics in the inner
regions and outskirts of high-z star-forming galaxies.
The high IR luminosity in HXMM01 implies a mini-
mum molecular gas mass ofMmol ≥ LIR/(500L/M) =
4 × 1010M, where the maximum light-to-mass ratio
is given by the Eddington limit (Scoville 2004; Thomp-
son et al. 2005). Combined with the CO J = 1→ 0
luminosity of L′CO = 3 × 1011 K km s−1 pc2, we ob-
tain a lower limit on the CO→H2 conversion factor of
αCO ≥ 0.13. A different lower limit on the αCO can
be obtained by assuming local thermodynamic equilib-
rium (LTE) and an optically thin CO J = 1→ 0 transi-
tion (Ivison et al. 2011). The result varies from 0.4 to
0.6M (K km s−1 pc2)−1, depending on the adopted gas
kinetic temperature (Tkin = 15 − 50 K). On the other
hand, our dynamical mass estimation provides a strict
upper limit of αCO . 1.4−2.0M (K km s−1 pc2)−1. Al-
though both approaches only provide limits, the results
conclusively show that αCO in HXMM01 is lower than
the canonical Galactic value at least by a factor of 2.
This is compatible with other measurements in local or
high-z starburst galaxies (e.g., Downes & Solomon 1998;
Papadopoulos et al. 2012; Hodge et al. 2012). Unless
the SFR in HXMM01 is significantly overestimated (e.g.
due to a top-heavy IMF, Zhang et al. 2018), the gas-
exhausting timescale is still short at most ∼ 200 Myr.
As an important dynamical state parameter, the
Vmax/σ0 values of componnets a and b reach ∼3, lower
than those found in z ∼ 1− 2 normal star-forming disk
galaxies estimated from Hα observations (Cresci et al.
2009; Di Teodoro et al. 2016). Their disk galaxy samples
have moderate SFR (. 200M yr−1) and show much
lower rotational velocities (Vmax ∼ 100 − 300 km s−1).
Their observed gas dispersion is significantly lower
(∼ 20− 80 km s−1) than what is required in our best-fit
models for components a and b (> 100 km s−1). Burkert
et al. (2010) discussed a partially pressure-supported
disk, in which the radial pressure partly counteracts
the gravitational force, reducing the observable gas ro-
tational velocities. Following their pressure-corrected
model, we found that the estimated dynamical mass may
increase by at most ∼ 50%. On the other hand, the gas
dispersion derived from kinematic modeling (σCO 7→6
or σCI) should be only considered as the upper limit of
intrinsic gas velocity dispersion due to unresolved kine-
matic structures such as sub-kpc scale velocity shear.
Even with 3D modeling, the gas kinematics at differ-
ent spatial scales will still become distinguishable as
the data resolution degrades, especially near galactic
centers. By examining the data and best-fit model
cubes, we find that our best-fit models of components
a and b do overestimate the line widths at large radii
(& 3 kpc) while provide good fit for inner disks. There-
fore, the Vmax/σ0 values is likely higher than the ones
indicated by our models. We experiment alternative
models by fixing the gas dispersion of all disk rings to
the values directly measured from outer-ring line profiles
(σouter ∼ 60− 80 km s−1 after instrumental correction).
However, the goodness of fit degrades for inner disks.
It is possible that the gas dispersion at smaller galac-
tocentric radii is intrinsically larger, contradicting to
our radially constant dispersion assumption. It is also
likely that the disk brightness and dynamical struc-
tures are more complex than the prescription adopted
in our models. While higher resolution data are required
to distinguish different possibilities, both of dynamical
modeling and line profile measurement show that com-
ponents a and b in HXMM01 are still highly turbulent
(& 60 km s−1).
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